Activation of hedgehog (HH) pathway signaling is observed in many tumors. Due to a feedback loop, the HH receptor Patched (PTCH-1) is overexpressed in tumors with activated HH signaling. Therefore, we sought to radiolabel the PTCH-1 ligand sonic (SHH) for detection of cancer cells with canonical HH activity. Receptor binding of 131 I-SHH was increased in cell lines with high HH pathway activation. Our findings also show that PTCH-1 receptor expression is decreased upon treatment with HH signaling inhibitors, and receptor binding of 131 I-SHH is significantly decreased following treatment with cyclopamine. In vivo imaging and biodistribution studies revealed significant accumulation of 131 I-SHH within tumor tissue as compared to normal organs. Tumorto-muscle ratios were approximately 8 : 1 at 5 hours, while tumor to blood and tumor to bone were 2 : 1 and 5 : 1, respectively. Significant uptake was also observed in liver and gastrointestinal tissue. These studies show that 131 I-SHH is capable of in vivo detection of breast tumors with high HH signaling. We further demonstrate that the hedgehog receptor PTCH-1 is downregulated upon treatment with hedgehog inhibitors. Our data suggests that radiolabeled SHH derivatives may provide a method to determine response to SHH-targeted therapies.
Introduction
The association between the hedgehog (HH) pathway and cancer was initially established by the identification of heterozygous mutations affecting the membrane receptor PATCHED-1 (PTCH-1), resulting in abnormal activation of HH signaling in basal cell carcinoma and neural tumors [1, 2] . Recently, several studies have shown ligand-dependent constitutive activation of the HH signaling pathway in many solid tumors including prostate, breast, ovarian, esophageal, gastric, and lung cancers. Sonic (SHH) ligand secreted from tumor cells can have a growth-promoting effect on both tumor and stroma cells [1] [2] [3] [4] [5] [6] [7] . Furthermore, HH signaling has been implicated in resistance to radiation and chemotherapy through regulation of survival proteins, cell cycle, DNA repair, and drug transport [8] [9] [10] . A recent report demonstrated that HH signaling can impair ionizing radiation-induced checkpoints, resulting in increased survival and genomic instability following radiation therapy [11] .
Canonical activation of HH activity occurs when secreted SHH binds to and inhibits the cell surface receptor PTCH-1. This binding relieves the PTCH-1-mediated suppression of the transmembrane protein SMOOTHENED (SMO) leading to multiple intracellular events that result in the stabilization, nuclear translocation, and activation of the Gli family of transcription factors (Gli-1, 2, and 3) [12, 13] . Transcriptional targets of Gli include genes controlling cell cycle, cell adhesion, signal transduction, vascularization, and apoptosis [14] . PTCH-1 is also a target of this pathway [15] , providing feedback for HH signaling. Thus, PTCH-1 expression is increased on cells with active HH signaling.
PTCH-1 is overexpressed in many epithelial-derived cancers, when compared to adjacent normal tissue, and its expression is usually correlated to overexpression of other HH pathway members. Immunohistochemical analysis of breast carcinomas revealed overexpression of SHH, PTCH-1, and Gli-1 in breast cancer specimens, compared to adjacent normal tissue [16] . Expression of HH pathway members in breast cancer has been shown to correlate with progesterone receptor expression, high proliferative index of Ki67 lymph node metastasis and clinical grade [16, 17] .
Inhibition of HH signaling in animal models of cancer has shown promising effects. Currently, multiple classes of HH inhibitors are under clinical development at several major pharmaceutical companies [18] . However, there is presently no noninvasive method to screen for potential candidates who may benefit from HH-targeted therapies or to follow inhibition of HH signaling in vivo. Here, we report the synthesis and characterization of an iodinated derivative of SHH that targets PTCH-1 receptor expression. This approach has several advantages for imaging of HH expression. One, there is a feedback loop that results in increased transcription and membrane localization of PTCH-1 in cells with active HH signaling [15] . Additionally, the N-terminal fragment of SHH is internalized by receptormediated endocytosis of the PTCH-1 receptor. The degree of receptor internalization has been associated to the levels of active HH signaling [19] .
Materials and Methods

Cell Lines and Antibodies.
Human breast cancer cell lines were obtained from ATCC and cultured in Dubelco's modified eagles media, supplemented with 10% (vol : vol) fetal bovine serum and 1% antibiotic-antimycotic at 37
• C in a humidified atmosphere containing 5% carbon dioxide. The rat breast cancer cell line 13762 was derived from a tumor induced in Fischer-344 rat by giving an oral dose of 7,12-dimethyl-benz[a]anthracene [20] . The cells were cultured in RPMI-1640 medium, supplemented with 10% (vol : vol) fetal bovine serum and 1% antibiotic-antimycotic at 37
• C in a humidified atmosphere containing 5% carbon dioxide. Cyclopamine was obtained from LC labs. Cells were treated with 10-40 μM cyclopamine resuspended in ethanol and diluted in normal culture media for the indicated time points. Control cells were treated with ethanol only. Gli-1 (H-300), Patched-1 (C-20), and B-actin (C-2) antibodies were purchased from Santa Cruz Biotechnologies. Alexa-555 and 488 secondary antibodies were purchased from Molecular Probes. HRP-conjugated secondary antibodies were purchased from Jackson Labs.
Protein Purification and Iodination.
A recombinant derivative of the 19.5 kDa human N-terminal SHH protein was purified from the E. coli strain BL21/DE3/PLysS (Stratagene, La Jolla, CA) expressing a pCOLDII vector (Genescript) that contains the wild-type cDNA encoding amino acid residues Cys 24 to Gly 197 of human SHH (accession number NP 000184) [21] linked to an N-terminal sequence encoding six consecutive histidine residues and an Asp-Asp-Asp-Asp-Lys enterokinase cleavage site. The SHH protein was purified using a nickel-based resin (Ni-NTA fast start kit, Qiagen), and resuspended in buffer containing 20 mM phosphate, 150 mM NaCl, and 0.1% Triton-X-100 pH 5.0. BSA protein (Sigma Aldrich) was used as a control and was resuspended in PBS at a pH of 7.4. The proteins were subsequently labeled with iodine-131 (Perkin Elmer) using the Iodogen method [22] . Briefly, 10-20 μg of protein was reacted with Na 131 I, (Perkin Elmer) in glass tubes precoated with 5-6 mg Iodogen (Sigma Aldrich) for 10-15 min at room temperature. The labeled proteins were purified using a sephadex P-10 column (Sigma Aldrich) preloaded with phosphate buffer pH 5.0 or pH 7.4. Radiochemical purity was determined by radio-thin-layer chromatography (Waterman No. 1, Sigma-Aldrich), with 0.9% NaCl as the eluant.
Western Blotting.
Control or cyclopamine-treated cells were lysed with radioimmunoprecipitation assay (RIPA) buffer, and protein concentrations were determined using the BCA assay (Pierce). Western blot analysis using 40 μg of protein was performed as previously described [23] .
Immunofluorescence. Cells were fixed with methanol at −20
• C for 5 min, washed twice with PBS, and blocked for 1 hour with 10% goat serum at room temperature. Antibodies were added at dilutions ranging from 1 : 50 to 1 : 200, overnight at 4
• C. Slides were washed 3 times with PBS and secondary antibodies were added at a dilution of 1 : 5000 for 1 hour at room temperature. Slides were washed 3x with PBS, and stained with Prolong Gold antifade reagent containing DAPI (Invitrogen). Slides were analyzed on a Zeiss AxioObserver Z1 Microscope, and images were processed using AxioObserver software. For analysis of nuclear Gli-1, 100 cells were counted per sample from three independent stainings. Cells were scored positive for nuclear Gli1 staining if they demonstrated intensive, predominantly nuclear Gli-1.
Cellular Proliferation Assay.
Cells were seeded at a density of 5,000 to 10,000 cells per well in 96 well plates and grown overnight. Media was removed and replaced with culture media containing 10 μM cyclopamine or ethanol. Cells were cultured for additional 48 hours, and proliferation was measured using the MTT-based cell proliferation assay (Biotinum).
Cellular Binding Assays.
Cells were plated at a density of 50,000-100,000 cells per well in 12 well plates and allowed to grow overnight. For inhibition studies, cells were treated with 10-20 μM cyclopamine or ethanol and allowed to grow for the indicated time. Culture media was removed and replaced with RPMI media containing 0.1-10 nM 131 I-SHH. Cells were grown for 1-2 hours, media was removed and collected and the cells washed 3 times with PBS and trypsinized. Media and cells were counted in a gamma counter. Scatchard plots were generated using Graph pad software. Bmax (binding sites per cell) and kD were determined for each sample using data from three separate experiments. To control for specificity, cellular uptake studies were performed with 100-fold excess unlabeled SHH.
Animal Model.
Six-week-old female Fischer 344 rats (150-175 g) (Harlan Sprague-Dawley, Inc., Indianapolis, IN) were used. Xenografts were generated from the rat mammary cell line 13762 by subcutaneous inoculation of 1 million cells in the right flank. Biodistribution and imaging studies were performed 10-14 days after inoculation when the tumors reached approximately 1-1.5 cm in diameter. All experiments were performed under authorization by the University of Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee (IACUC).
Gamma Scintigraphy Studies.
On the day of the study, rats were anesthetized with Isofluorane, and a tail vein cannula was inserted. Approximately 250 μCi of the radiolabeled tracer ( 131 I-SHH or 131 I-BSA) was delivered via tail vein injection. 131 I images were acquired using a Siemens MCAM gamma camera with a high energy LP (HELP) collimator and a photopeak centered around 364 keV. Anesthetized animals were placed onto the camera, and counts were acquired for 10 min. Images were acquired at 30 min, 1 hour, 2 hours, 5 hours, and 24 hours following tail vein injection. Image files were saved in DICOM format and exported to Image J software (National Institute of Health, Bethesda MD) for further processing.
Biodistribution and Dosimetry Studies.
Rats were anesthetized with Isofluorane, and a tail vein cannula was inserted. Approximately 20 μCi of the 131 I-SHH was delivered via tail vein injection. In vivo biodistribution studies were performed at 0.5, 2, and 5 hours after intravenous administration of 131 I-SHH. Mice were sacrificed at the indicated time points (n = 3) and organs were excised. Organs were weighted, and radioactivity was counted in a gamma counter. Percent injected dose per gram was determined. Absorbed dose for each target organ was estimated using the OLINDA/EXM 1.1 software program (Vanderbilt University) with the adult male model. Rat biodistribution data were extrapolated to humans using an assumed rat weight of 150 g and the mass of each organ in the MIRD 70 kg adult male model as input to Equation 8 of AAPM Primer 71 [24] . Human organ time-activity curves were fitted to a monoexponential function using the OLINDA/EXM software to calculate individual organ residence times, from which the human dosimetry of 131 I-SHH was then estimated.
Results
3.1.
Radiolabeling. The SHH protein was radiolabeled with 131 Iodine at specific activities up to 740 GBq/g. Radiochemical yields of 40-65% were obtained. Radiochemical purity of >95% was determined by radio-thin-layer chromatography, (Figure 1 ).
Cellular Binding Assays.
Cell-binding studies were performed in breast cancer cell lines with varying HH pathway activity. Cellular uptake (Figure 2(a) ) correlated with nuclear Gli-1 staining (Figure 2(b) ) as well as PTCH-1 receptor expression (Figure 2(c) ). Cell uptake increased over time and was blocked with 100-fold excess cold SHH protein confirming receptor specificity (Figure 2(d) ). To determine if the uptake 131 I-SHH could be modified after HH signaling inhibition, we treated breast cancer cells with a 10-20 μM dose of cyclopamine, a commercially available SMO inhibitor [25] . As shown in Figure 3(a) , cyclopamine treatment resulted in a significant decrease in proliferation, which is directly correlated with pretreatment Gli-1 levels. A decrease of PTCH-1 protein levels was observed after treatment with cyclopamine by western blotting and immunofluorescence (Figures 3(b)  and 3(c) ). Scatchard analysis revealed a fivefold decrease in surface PTCH-1 receptor expression after treatment with cyclopamine ( Figure 3(d) ). Consistent with these findings, a 50% reduction in uptake of radiolabeled SHH was observed in cells treated with cyclopamine (Figure 3(e) ). These results suggest the potential to follow response to HH pathway inhibition using radiolabeled SHH.
Biodistribution and Dosimetry Studies.
Based on the baseline expression of HH signaling proteins and tumor growth characteristics, in vivo studies were carried out using xenografts from the rat mammary cell line 13762 in Fischer rats. The 13762 model was chosen due to its efficiency of tumor growth and its high canonical HH signaling, evidenced by high protein expression of PTCH and Gli-1 as well as the ligand (Figure 4) . This cell line also demonstrated high in vitro uptake of the tracer. The results, shown in Table 1 , reveal significant tumor uptake with tumor-tomuscle ratios of 8 : 1 at 5 hours, while tumor to blood and tumor to bone were 2 : 1 and 5 : 1, respectively. Significant uptake of 131 I-SHH was also observed in the liver and kidney. Uptake was also observed in the thyroid and gastrointestinal tract, which may be due in part to dehalogenation that is common with iodinated proteins. Dosimetric studies showed kidneys, liver, and spleen to be the dose-limiting organs.
Organ dose estimates are shown in Table 2 . Higher absorbed doses may be due to dehalogenation and could potentially be mitigated by blocking absorption of free iodine in a clinical setting.
Gamma Scintigraphy.
Planar imaging studies were conducted with 131 I-SHH to test the potential of imaging PTCH-1 receptor expression in a rat model of breast cancer. Fisher rats bearing tumor xenografts of the cell line 13762, a chemically induced rat breast cancer line, were injected with 250 μCi of 131 I-SHH. Planar scintigraphy was conducted at 30 min, 2, 5, and 24 hours. Studies were performed with iodinated BSA as a control for nonspecific uptake. Tumor accumulation of the tracer was observed at 30 min and increased up to 5 hours. As shown in Figure 5 , the tumor is clearly visualized in the rat injected with 131 I-SHH, but absent in the animal injected with 131 I-BSA. Plasma dehalogenation is also observed, with appearance of radioiodine uptake in the thyroid and stomach visualized at 2 hours and increasing on later images. The thyroid, liver, and stomach were also visualized on the animal injected with 131 I-BSA, further suggesting that the uptake in these organs is due to free iodine that is a result of dehalogenation of the iodinated protein.
Discussion
Our findings show that expression of the PTCH-1 receptor is increased in breast cancer cells with canonical HH signaling and that surface PTCH-1 receptor expression is decreased upon treatment with the SMO inhibitor cyclopamine. This decrease correlated to a decrease in uptake of 131 I-SHH. These studies are in agreement with previous studies that report direct gene regulation of PTCH-1 by Gli-1 [26] and correlation of Gli-1 activity to PTCH-1 expression [1, 27] . inhibitors of SMO, which block canonical HH signaling, was shown to decrease PTCH-1 mRNA expression [28] .
These studies suggest that binding of radiolabeled HH to surface PTCH-1 receptors can differentiate tumors with active ligand-dependent HH signaling, and this feature can be used to image hedgehog activity in tumors. Preliminary imaging studies show that 131 I-SHH is capable of in vivo delineation of breast tumors with high HH signaling. In these preliminary imaging studies using 131 I-SHH we find that in addition to tumor uptake, 131 I-SHH exhibited high uptake in the spleen and gastrointestinal organs. This uptake potentially arises from deiodination of the tracer as high gastrointestinal uptake was also observed with an iodinated BSA control protein [29] . Furthermore, HH signaling has been shown to increase activity of deiodinases [30] , which could potentially increase dehalogenation of 131 I-labeled compounds in tumors with active HH signaling. Higher absorbed doses in the intestines, liver, and spleen may be due to dehalogenation and could potentially be mitigated by blocking absorption of free iodine in a clinical setting. It is common to use saturated potassium iodide solution (SSKI) to prevent radiation exposure to thyroid and stomach due to deiodination in clinic settings. However, we cannot rule out possible specific uptake of 131 I-SHH in the GI-tract as there are reports of low-level PTCH-1 expression in normal epithelia in the intestine and liver [31] . Likewise, low-level PTCH-1 expression has also been reported in lymphocytes and follicular dendritic cells present in the spleen [32] during immune responses.
While ligand-dependent hedgehog signaling has been reported in breast cancer and numerous other cancers, heterozygous mutations affecting the membrane receptor PTCH-1 have been directly linked to carcinogenesis in basal cell carcinoma and neural tumors [1, 2] . In many cases, these mutations result in truncation of the PTCH-1 receptor and loss of the SMO-binding inhibitory domain. However, in some cases the N-terminal extracellular ligand-binding domain is still expressed [33] . Therefore, while 131 I-SHH was shown to detect canonical HH activation in our studies, it is still unclear whether this method could also be used to determine hedgehog activation that results from PTCH-1 inactivating mutations.
Conclusions
Our data suggests that surface PTCH-1 receptor expression is correlated to canonical HH activity, and its expression is downregulated by small molecule inhibitors of HH signaling. We propose that radiolabeled SHH derivatives can be used to detect active HH signaling by noninvasive imaging. Furthermore, radiolabeled SHH derivatives may provide a method to determine in vivo response to hedgehog-targeted therapies.
